The COmetary Secondary Ion Mass Analyzer (COSIMA) on board the Rosetta mission has analysed numerous cometary dust particles collected at very low velocities (a few m s −1 ) in the environment of comet 67P/Churyumov-Gerasimenko (hereafter 67P). In these particles, carbon and nitrogen are expected mainly to be part of the organic matter. We have measured the nitrogen-to-carbon (N/C) atomic ratio of 27 cometary particles. It ranges from 0.018 to 0.06 with an averaged value of 0.035 ± 0.011. This is compatible with the measurements of the particles of comet 1P/Halley and is in the lower range of the values measured in comet 81P/Wild 2 particles brought back to Earth by the Stardust mission. Moreover, the averaged value found in 67P particles is also similar to the one found in the insoluble organic matter extracted from CM, CI and CR carbonaceous chondrites and to the bulk values measured in most interplanetary dust particles and micrometeorites. The close agreement of the N/C atomic ratio in all these objects indicates that their organic matters share some similarities and could have a similar chemical origin. Furthermore, compared to the abundances of all the detected elements in the particles of 67P and to the elemental solar abundances, the nitrogen is depleted in the particles and the nucleus of 67P as was previously inferred also for comet 1P/Halley. This nitrogen depletion could constrain the formation scenarios of cometary nuclei.
I N T RO D U C T I O N
Comets are thought to be among the least altered objects in the Solar system (Willacy et al. 2015) . Therefore, their composition could reflect the processes present in the solar nebula at the time of the planetesimal formation. In situ investigations of cometary material providing new constraints on the formation of the comets and of the Solar system itself constitute one of the main scientific goals of the Rosetta mission (Glassmeier et al. 2007 ). The first in situ chemical analyses of cometary particles were performed by the PIA and PUMA mass spectrometers on board the Giotto and E-mail: nicolas.fray@lisa.u-pec.fr Vega missions during the flyby of comet 1P/Halley (Kissel et al. 1986a; Kissel et al. 1986b ). These analyses have highlighted large amounts of light elements such as carbon, hydrogen, oxygen and nitrogen, originating probably essentially from organic components embedded in the cometary particles (Clark et al. 1987; Langevin et al. 1987; Lawler & Brownlee 1992; Fomenkova et al. 1994) . Due to the very high velocities of the Halley flybys, most of the ions created upon impact were mono-atomic and only a small fraction were polyatomic (Kissel & Krueger 1987) . Thus, a more detailed chemical characterization of the organic matter present in cometary particles was challenging. Nevertheless, some tentative identifications of specific organic compounds have been reported (Kissel & Krueger 1987; Fomenkova et al. 1994; Fomenkova 1999) . The elemental abundances measured in the particles of comet 1P/Halley at that time were mainly reported by Jessberger et al. (1988; . The carbon abundance, averaged over a large number of mass spectra, is about 10 times higher in the particles of 1P/Halley than in CI carbonaceous chondrites (Jessberger et al. 1988 ). This indicates that comets are extremely rich in carbonaceous matter. The predominance of organic matter in cometary particles has been confirmed by the in situ mass spectrometry analysis performed during the flyby of comet 81P/Wild 2 by the Stardust spacecraft (Kissel et al. 2004) .
The Stardust spacecraft has returned to Earth samples of cometary particles collected in the coma of comet 81P/Wild 2 (Brownlee et al. 2006) . The laboratory analyses of these particles demonstrated the presence of minerals formed at high temperature (Brownlee et al. 2006; Brownlee 2014) . Organic matter has also been detected for which some chemical structures have been proposed (Cody et al. 2008) , and some molecules, such as methylamine and glycine, have been identified (Elsila et al. 2009 ). Additionally, atomic ratios, such as O/C and N/C, have been measured (Keller et al. 2006; Sandford et al. 2006; Cody et al. 2008; De Gregorio et al. 2011) . However, the measurement of the carbon abundance and the characterization of the organic matter were compromised as the particles were altered by the high-speed collection in aerogel. Moreover, some potential contaminations of the aerogel could have greatly complicated the characterization of the organic matter present in these samples (Sandford et al. 2010) . Nevertheless, some of the Stardust samples contain relatively unaltered, refractory cometary material, and it has been suggested that the refractory organic matter present in these samples is dominated by an insoluble organic matter (IOM) and highly aromatic organic matter (De Gregorio et al. 2011) .
In addition to in situ studies and the Stardust returned samples, the composition of comets can also be investigated by analysing cosmic dust particles collected in the Earth's stratosphere and in Antarctic snow. Some fraction of these cosmic dust particles are thought to be cometary grains (Dobrica et al. 2009; Brownlee 2016; Flynn et al. 2016; Sandford et al. 2016) . In particular, the anhydrous interplanetary dust particles (IDPs), which have a higher carbon content compared to the most carbon-rich meteorites, are widely thought to be samples of comets (Thomas et al. 1993; Keller et al. 2004) .
On board the Rosetta orbiter, the study of the composition of cometary particles was mainly performed by the COSIMA instrument (see next section, for a brief description of this instrument). It was designed to determine the composition of cometary dust particles by Time-Of-Flight Secondary Ions Mass Spectrometry (TOF-SIMS; Kissel et al. 2007 ). The solid organic matter detected in cometary dust particles by COSIMA shares some similarities with the IOM extracted from carbonaceous chondrites (Fray et al. 2016) . While the elemental abundances of C, O, Na, Mg, Al, Si, K, Ca, Cr, Mn and Fe are reported by Bardyn et al. (2017) , a specific focus on the N/C atomic ratio is given in this paper. The N/C atomic ratio in extraterrestrial samples, such as carbonaceous chondrites, micrometeorites and IDPs, is varying over a wide range of values from close to 0 up to 0.2 (Aleon et al. 2003; Matrajt et al. 2003; Alexander et al. 2007; Dartois et al. 2013 ). In the particles of 81P/Wild 2 brought back to Earth by the Stardust mission, the N/C atomic ratio is also spanning over a wide range from 0.002 to 0.18 (De Gregorio et al. 2011) . In this study, we report for the first time the N/C atomic ratio of 27 cometary particles collected in the environment of 67P/Churyumov-Gerasimenko (hereafter 67P). We compare these values with those measured in other comets, carbonaceous chondrites, micrometeorites and IDPs. This comparison will highlight the similarities as well as the differences between those extraterrestrial materials and will help to constrain the origin of the cometary organic matter, which contains most of the carbon and nitrogen.
Moreover, it has been shown that the C/Si atomic ratio of the nucleus and of the particles of 1P/Halley is close to the solar value (Geiss 1987; Jessberger et al. 1988 ). Nevertheless, the N/C and N/Si atomic ratios are about six times lower in 1P/Halley than in the Sun, showing that nitrogen is depleted in 1P/Halley as compared to the Sun (Geiss 1987; Wyckoff et al. 1991) . Thus, we will also consider the global nitrogen abundance in 67P to determine if the nitrogen depletion is particular only to 1P/Halley or not.
M E T H O D S

The COSIMA instrument
The COmetary Secondary Ion Mass Analyzer (COSIMA) experiment on the ESA's Rosetta mission was designed to capture, image and determine in situ the composition of cometary dust particles. A complete description of the COSIMA instrument is available in Kissel et al. (2007) . A total of 24 target holders, each with three 10 × 10 mm 2 collection targets, most of them covered by a thin layer of gold black (Hornung et al. 2014) , can be moved in front of a dust funnel so that cometary dust entering the instrument hits the collection target and adheres to it. Depending on the trajectory of the spacecraft around the nucleus of 67P, the collection velocity was between 0.1 and 20 m s −1 (Della Corte et al. 2015; Rotundi et al. 2015; Merouane et al. 2016) . These values are rather low compared to the 6 km s −1 collection velocity of the Stardust mission (Brownlee et al. 2006) , the impact velocity of 79.2 and 76.8 km s for the PUMA-1 and 2 instruments on the Vega-1 and 2 spacecraft (Sagdeev et al. 1986) , and 68.4 km s −1 for the PIA instrument on the Giotto spacecraft (Reinhard 1986). Such a low capture velocity in the COSIMA instrument ensured that the composition of the cometary particles was not altered by the collection process. After exposure to the cometary environment, the target holders were first moved in front of an internal microscope, named COSISCOPE, to be imaged with a spatial resolution of 14 μm (Hornung et al. 2016; Langevin et al. 2016) and then moved in front of a beam of positive indium ions 115 In + for TOF-SIMS analyses. The primary ion beam was generated by a liquid indium ion source at 8 keV and was pulsed (about 1000 ions per pulse within 3 ns with a 1.5 kHz repetition rate) and focused on the sample to be analysed (Kissel et al. 2007 ). The footprint of the primary ions beam at the surface of the sample, defined as the full width at half-maximum (FWHM) of the intensity of the peak, is about 35 × 50 μm 2 . These primary 115 In + ions impact on the solid sample (i.e. the cometary dust particle) and sputter secondary ions and neutrals from the surface of the sample. The secondary ions are collected and directed into a reflectron time-of-flight (TOF) system. The measured TOFs of the secondary ions are then converted into mass over charge (m/z) ratios. The COSIMA mass spectrum of secondary ions is produced with a mass resolution m/ m of about 1400 at half peak maximum at m/z = 100 ). This resolution enables in most cases the distinction of elemental ions from hydrogen-containing organic ions at a given integer mass for m/z < 100. All the mass spectra considered in this paper are the result of 2.5-min acquisitions. It should be noted that in order to save the primary ion source and ensure it to last for the entire 2 yr Rosetta mission, no sputtering was performed on samples before the analyses presented in this paper. COSIMA is not equipped with an electron flood gun. Thus, the charge of the cometary particles, resulting from the implantation of primary 115 In + ions, cannot be compensated. During the 2 yr mission, more than 30 000 particles and particle fragments have been collected and imaged, and some of them have been successfully analysed by TOF-SIMS. The particles that were detected on the optical images have sizes ranging from one pixel (about 14 μm) to about 800 μm (Langevin et al. 2016) . The large number of collected particles allowed us to determine their cumulative size distribution (Merouane et al. 2016 (Merouane et al. , 2017 . The particles can be classified according to their morphology into two main types: the compact particles and the porous clusters. Most of the clusters seem to originate from large aggregates that disrupted shortly before collection. Their morphologies allow further classification into three sub-groups, i.e. shattered clusters, glued clusters and rubble piles (Langevin et al. 2016) . Moreover, the detailed inspection of the optical images has revealed that the clusters are made of smaller units of typically several tens of micrometers and have a tensile strength of about 10 3 Pa (Hornung et al. 2016) . COSIMA cannot investigate the structure of the samples at a scale smaller than ∼10 μm, but MIDAS (Micro-Imaging Dust Analysis System) images show a substructure of the particles with size units comparable to those observed in IDPs and micrometeorites (Bentley et al. 2016) . At the size scale of the primary ion beam of COSIMA (about 35 × 50 μm 2 ), the cometary particles are always made of a mixture of minerals and organic matter. Indeed, the positive ion mass spectra contain some organic ions (mainly 12 (Fray et al. 2016) . Results about the composition of dust particles have already been published (Fray et al. 2016; Hilchenbach et al. 2016; Bardyn et al. 2017; Stenzel et al. 2017 ), but we concentrate here on the measurements of the N/C atomic ratio in 67P dust particles.
Calibration samples
To retrieve quantitative information from TOF-SIMS analyses, specific calibration experiments have been performed with a groundbased reference instrument (RM) identical to the flight model (XM) of COSIMA (Le Roy et al. 2012; Krueger et al. 2015; Le Roy et al. 2015b) . They provided relative sensitivity factors for positive secondary ions for a large set of elements from the analysis of a set of calibration samples (Krueger et al. 2015) and are complemented with further data by Bardyn et al. (2017) . Here, we report a calibration for the measurement of the N/C atomic ratio for which we have used the negative secondary ion mass spectra and more specifically the CN − /C 2 − ion ratio as recommended by Thomen et al. (2014) . It has been shown, from dynamic SIMS measurements and from a simple analytical model (Thomen et al. 2014) , that the measurement of the N/C atomic ratio on rough organic surfaces is improved by using
should vary linearly with the nitrogen content of the analysed surface, whereas CN − /C 2 − should vary linearly with the N/C atomic ratio (Thomen et al. 2014) . To calibrate the COSIMA instrument, samples of bulk carbonaceous chondrites, IOM extracted from carbonaceous chondrites and a fragment of one ultra-carbonaceous Antarctic micro-meteorite (UCAMM) were studied (see Table 1 ). These samples contain carbonaceous matters that should be rather good analogues to the organic matter found in cometary dust particles (Fray et al. 2016) . Note that some of these samples are mostly composed of organic matter, such as the IOM samples, whereas others contain a mixture of minerals and organic matter, such as the bulk samples of meteorites. All samples were pressed against a sapphire window into gold targets pre-heated at 900
• C for 10 min. Table 1 summarizes the N/C atomic ratios (ranging from 0.5 to 5 per cent) of the studied samples gathered from the literature (Kerridge 1985; Alexander et al. 2007; Alexander et al. 2012; Dartois et al. 2013) as well as the measured CN − /C 2 − ion ratios.
Calibration of the N/C atomic ratio
For the calibration samples analysed with the reference model (RM), we have selected between 2 and 12 negative ion mass spectra with the lowest intensities of gold and polydimethylsiloxane (PDMS) fragments. The latter is one of the most common contaminants observed in TOF-SIMS (Vickerman & Briggs 2013; Henkel & Gilmour 2014) . This selection method ensures that nearly all the CN − and C 2 − ions detected in these mass spectra originate from the calibration samples. Even though fragment ions of PDMS (mainly CH 3 SiO − and CH 3 SiO 2 − ) as well as gold ions (Au − ) were still detectable in the mass spectra, their intensities were much lower (at least a factor of 10 and sometimes a factor of 100) than in the spectra on the target. Indeed, the size of the calibration samples (more than 200 μm, see Table 1 ) is considerably larger than the beam size (about 35 × 50 μm 2 at FWHM). Therefore, the contribution of the contamination in the negative ion mass spectra acquired on the calibration samples is negligible. The total number of counts for the C 2 − peaks was obtained by adding the intensity acquired for all relevant TOF channels over the full width of this peak. The same method has been applied for the CN − peak. For each value, we have associated a statistical error bar equal to the square root of the total number of counts. Then, the CN − /C 2 − ion ratio has been calculated as well as its associated relative error bar, which is equal to the sum of the relative error bars of the total number of counts of CN − and C 2 − . Due to the low intensity of the contamination in the mass spectra, it was not necessary to subtract the possible contribution of Table 1 ), with corresponding numbers. The black line is the linear regression passing through the origin and the grey lines are the predicted range with a level of confidence of 68 per cent.
the contamination. The resulting values of the CN − /C 2 − ion ratios are indicated in Table 1 and in Fig. 1 . Fig. 1 presents the N/C atomic ratio of the 10 calibration samples as a function of the measured CN − /C 2 − ion ratios. The black line is the best linear fit passing through the origin, and the grey lines are the predicted bands at 68 per cent level of confidence. The slope of the linear regression is 0.04. This is in good agreement with the calibration presented in Le Roy et al. (2015b;  with slope 0.036). This previous calibration was based on the study of pure organic molecules with a well-defined structure and an N/C atomic ratio ranging from 0.4 to 1. Thus, even though two calibrations curves were obtained on different samples (pure semi-volatile organic molecules and macromolecular organic matter mixed with minerals), their slopes are in fairly close agreement. The ten measurements used for calibration show a rather large dispersion (see Fig. 1 ), which cannot be explained only by the error bars on the CN − /C 2 − ionic ratios. Nevertheless, we have to keep in mind that we have used the bulk N/C elemental ratios of the carbonaceous chondrites and of the IOMs (see Table 1 ). But these natural samples are heterogeneous and the actual N/C elemental ratio of samples at the location of the COSIMA RM measurements could be slightly different from the bulk samples. This heterogeneity is well illustrated by the two different samples (numbered 8 and 9, see Fig. 1 and Table 1 ) of the bulk Murchison chondrite, which present very different CN − /C 2 − ionic ratios. Thus, the dispersion of the calibration measurements is surely mostly due to the heterogeneity of the natural samples that we have used. Consequently, even if the CN − /C 2 − ion ratio is determined on the cometary particles with a great accuracy, the final error bars of the final N/C atomic ratio will be at least ± 0.01.
COSIMA mass spectra of cometary particles
As the size of the primary ion beam is quite large (about 35 × 50 μm 2 at FWHM), all COSIMA mass spectra acquired on board Rosetta contain a contribution originating from the target itself and from the surface contamination. Thus, almost all the negative ion mass spectra contain some Au − ions (196.97 amu) as well as some fragment ions of PDMS. Two characteristic fragment ions of PDMS in negative mode are CH 3 SiO − (59.00 amu) and CH 3 SiO 2 − (74.99 amu). Besides PDMS, other compounds are also present in the surface contamination. Indeed, we can observe elemental ions from elements with a high electronegativity (such as fluorine, chlorine, bromine, and iodine as well as oxygen and sulphur) in the negative ion mass spectra obtained from the collection targets before their exposure to the comet environment. It shows that PDMS is not the only surface contaminant present on the COSIMA targets. Nevertheless, by comparing the spectra obtained on the target and on the cometary particles, it is possible to undoubtedly determine the contribution from the cometary particles. It has already been shown that some C − , CH − , O − and OH − ions in COSIMA spectra originate from the cometary particles (Fray et al. 2016; Bardyn et al. 2017) . Fig. 2 displays negative ion mass spectra at several masses of interest (in a vertical logarithmic scale) acquired on three different cometary particles (in red) and on the same collection target close to the considered particle (in black). To increase the signal-to-noise ratio, the mass spectra displayed in red are the sum of several individual mass spectra acquired at adjacent positions on a particle. Therefore, these spectra represent an average spectrum of the particle and cannot reflect possible compositional heterogeneities of the particle. The mass spectra displayed in black are also the sum of individual spectra acquired on the target normalized to the intensity of the PDMS fragments present in the mass spectra acquired on the particles (CH 3 SiO − : 59.00 amu and CH 3 SiO 2 − : 74.99 amu). Therefore, Fig. 2 highlights the changes of the ion intensities between the particles and the target locations. For example, the C − /CH 3 SiO 2 − ion ratio increases by a factor of at least 5 between the target and the particle. In Fig. 2 , it can be seen that in the spectra of the target, a secondary peak is located on the left-hand side of the main peak (i.e. at 11.95, 23.89 and 25.88 amu for the C − , C 2 − and CN − peaks, respectively) with an intensity of about 2 per cent of the main peak. This peak originates from the electrons generated by the collisions between the considered ions and the last grid of the reflectron that is located 2.85 mm in front of the detector. For the mass spectra obtained on the particles, we can also observe for some peaks a long shoulder towards the left-hand side of the main peak. For the C − peak, this shoulder extends from about 11.85 to 12 amu in the spectra acquired on the selected particles and presented in Fig. 2 . This left-hand shoulder is ubiquitous for the negative ion mass spectra performed on the cometary particles. The cometary particles are poor electric conductors and their surface is positively charged by the implantation of the In + primary ions (Hilchenbach et al. 2017 ). As COSIMA is not equipped with an electron flood gun, this charge cannot be compensated. The negative ions ejected from the charged particle's surface experience a reduced extraction voltage and thus reach a lower velocity as compared to those originating from the conducting and uncharged collection target. Contrary to expectations, simulations and experiments conducted with the RM instrument have shown that the reflectron is not perfectly compensating the differences in the initial kinetic energies of the secondary ions and that the slower ions are following a shorter path leading to a shorter TOF. Thus, the TOF is slightly decreased when the potential of the surface is increasing. Since the intensity of the primary ion beam is not spatially constant (approximately a Gaussian profile), there is a gradient in the electrical potential at the particle's surface and the same ion species will arrive at different TOF on the detector, leading to the apparition of this left-hand shoulder. Thus, the presence of this left-hand shoulder on some negative ion peaks is characteristic of ions produced from an electrostatically charged surface, i.e. the surface of the cometary particles (Hornung et al., in preparation) . Such effects, arising during the analyses of insulating samples, have already been thoroughly studied by Lee et al. (2012) . Typical negative ion TOF-SIMS spectra of cometary particles and targets of those particles. The spectra displayed in red are the sum of several individual spectra acquired on three cometary particles, Barmal (top), Jakub (middle) and Jessica (bottom). The spectra displayed in black were acquired on their respective gold targets, near the cometary particles of interest and at the same date as the spectra obtained on the particles. They have been normalized to the intensity of the PDMS fragments present in the mass spectra measured on the cometary particles. The three first columns show the C − , C 2 − and CN − peaks for which numerous ions are formed from the particles themselves, whereas the two last columns show two characteristic fragments of PDMS (CH 3 SiO − and CH 3 SiO 2 − ), which are entirely due to the surface contamination.
Moreover, we can note that this effect is not supposed to have an influence on the CN − /C 2 − ionic ratio. In Fig. 2 , it can be observed that for the three particles, the C − peaks present a large left-hand shoulder, showing that numerous C − ions originate from the surface of the particle. This left-hand shoulder is also clearly visible for the C 2 − and CN − ions. Thus, it is possible to determine the fraction of the C 2 − and CN − ions produced from the surface of the cometary particles.
In this study, we are considering the analyses performed on 27 cometary particles (see Table 2 ). They were all collected on gold collection target plates covered by a nano-porous gold layer (Hornung et al. 2014) . Their equivalent diameters are ranging from 70 to nearly 400 μm (see Table 2 ). Thus, the size of some cometary particles is comparable to the size of the primary ion beam. Most of the time, the secondary ions are predominantly emitted from the particles themselves, though there is always a contribution from the surrounding target. Therefore, it is essential to remove this noncometary contribution from the spectra. As for the calibration samples, for a given cometary particle, most of the time the analysis is carried out with a line scan or a matrix scan covering a large area on the particle and next to it. For each cometary particle included in this study (Table 2) , we have selected negative ion mass spectra with the lowest intensities of gold and PDMS. These spectra are considered as being acquired on the particle. Moreover, some peaks, especially C − and O − ions, display the characteristic lefthand shoulder of secondary ions originating from the surface of the particles. Nevertheless, and especially for the smallest particles, a part of the secondary ions are also coming from the target's surface, resulting into a small fraction coming from the dust particles. We have also selected some spectra obtained at the same date and near the considered particles with a high intensity of gold and PDMS.
This second set of spectra does not display a left-hand shoulder for the peaks, indicating that all the ions are originating from a surface at the nominal potential, i.e. the surface of the conductive collection target made of gold (see Fig. 2 ). In this second set of spectra, the cometary contribution is negligible. Careful examinations of all the spectra do not reveal a change of the surface contamination between the target and the particle positions. Thus, we have considered that the signature of the surface contamination is the same on the particles and on the target.
For all the spectra, C 2 − , CN − , CH 3 SiO − and CH 3 SiO 2 − peaks were integrated over their whole width, including the left-hand shoulder. First, we calculate the intensity ratios of the two main ions of PDMS (CH 3 SiO − and CH 3 SiO 2 − ) between the mass spectra acquired on the particles and on the target. The value of these two ratios is always very similar and a normalization factor f is obtained by averaging both ratios. In the mass spectra measured on the particles, the contribution of the contamination needs to be subtracted in order to retrieve the number of C 2 − and CN − ions that are really coming from the cometary particles. The number of CN − ions in the spectra measured on the target is subtracted from the one obtained on the particles after normalization to the PDMS intensity using the previous normalization factor f using the following equation:
The same methodology is used for C 2 − . Finally, the CN − /C 2 − ion ratio is calculated (see Table 2 ). A similar procedure has already been used to handle the COSIMA positive mode data Paquette et al. 2016; Bardyn et al. 2017; Stenzel et al. 2017 ). 
R E S U LT S A N D D I S C U S S I O N
The bulk CN − /C 2 − ion ratios measured on the 27 particles of comet 67P yield N/C atomic ratios ranging from 0.018 to 0.060 (see Table 2 and Figs 3-5). Taking into account the predicted 68 per cent level of confidence in the calibration curve, the error bars of the N/C atomic ratios range between 25 and 100 per cent. By averaging the values of all the considered cometary particles, we find an averaged N/C atomic ratio of 0.035 ± 0.011. Fig. 3 presents the CN − /C 2 − ion ratios as well as the N/C atomic ratios measured on the 27 considered cometary particles. The ion ratio seems to vary significantly from one particle to another. However, due to the dispersion of the measurements on the calibration samples, which leads to a large uncertainty in the calibration line, nearly all the N/C values are consistent with a value of 0.035. Despite the apparent variation of the CN − /C 2 − ion ratios, the possibility remains that all the particles have roughly the same N/C atomic ratio.
It has already been shown that the cometary particles collected by the COSIMA instrument have different morphologies and they were classified into four typologies (Langevin et al. 2016) . It is tempting to try to associate these different typologies with diverse compositions. Therefore, we have searched for a correlation between the CN − /C 2 − ion ratio and the morphology of the considered particles. To date, no correlation between the composition and the typologies of the cometary particles has been found (see Fig. 3 ). Fig. 4 presents the CN − /C 2 − ion ratios as a function of the collection date of the particle. The objective was to search for an evolution of the composition of the cometary particles with the collection date or with the heliocentric distance at which the particles were collected. Such an evolution is not shown from our data (see Fig. 4 ). The cometary particles were stored in the COSIMA instrument at temperatures of about 283 K between their collection and analysis. If they still contained volatile organic compounds at the time of their collection, they could have sublimated during storage, changing the CN − /C 2 − ion ratios with time. Thus, we also searched for a correlation between the CN − /C 2 − ion ratios and the time intervals between the collection and the analysis of the particles (see Fig. 5 ). Again, no correlation was found, and no temporal evolution of the CN − /C 2 − ion ratio of the cometary particles after their collection can be reported. As a conclusion, the CN − /C 2 − ion ratios, as well as the N/C atomic ratios of the organic matter present in the particles of 67P, are not related to their morphology, collection dates or residence time before analysis.
The N/C atomic ratios measured in the particles of 67P can be compared to the values found in other comets and other astronomical objects. The first analysis performed by the PUMA-1 instrument led to an estimation of the N/C atomic ratio of about 0.04 in the particles of comet 1P/Halley (Kissel & Krueger 1987) . Subsequent analyses of the observations performed by the PUMA-1 instrument resulted in an averaged value of 0.052 ± 0.028 for the N/C atomic ratio (Jessberger et al. 1988; Jessberger et al. 1991) . The examination of the carbonaceous Stardust samples, brought to the Earth from 81P/Wild 2, revealed a wide variety of composition, chemical functionality and atomic ratios (Keller et al. 2006; Sandford et al. 2006; Cody et al. 2008) . However, the reported low abundance of organic material could have been a consequence of its degradation during the collection (Brownlee 2014) . N/C atomic ratios ranging from 0.07 to 0.24 were first reported from XANES spectra (Sandford et al. 2006; Cody et al. 2008) ; nevertheless, subsequent analyses revealed that the most N-rich organic matter with N/C > 0.2 is the most likely contamination (De Gregorio et al. 2011) . N/C atomic ratios ranging from 0.03 to 0.12 and 0.002 to 0.18, respectively, were derived by the XANES and SIMS analyses of what appears to be relatively unaltered, refractory cometary material (De Gregorio et al. 2011) . The degree of variation in the N/C atomic ratio remains very large in the Stardust samples. The N/C atomic ratio measured in 67P particles (0.018 to 0.060) is in close agreement with the averaged value found in 1P/Halley and falls into the lower range of the values measured for the 81P/Wild 2 particles. The most striking difference is, however, the absence of any N/C ratio higher than 0.1 on the 67P particles. Fig. 6 shows the distribution of the N/C atomic ratio measured in the cometary particles and in IOM samples extracted from unweathered chondrites (Alexander et al. 2007 ). As no value lower than 0.015 has been found in the 67P particles, the distribution of the N/C atomic ratio in these cometary particles is different from the one found in IOMs, when chondrites of all classes are considered (see Fig. 6 ). The lowest N/C values are only found in the IOMs extracted from ordinary chondrites that generally have a low carbon content. If we consider only the IOMs extracted from CM, CI and CR carbonaceous chondrites, the distribution of the N/C atomic ratios is similar to the one of 67P particles (see Fig. 6 ). This similitude between the N/C atomic ratios found in the IOMs from CM, CR, and CI chondrites and in the 67P particles confirms that the refractory organic matter contained in cometary particles shares some similarities with the IOMs of carbonaceous chondrites as already reported by Fray et al. (2016) .
With values between 0.01 and 0.05, the bulk N/C atomic ratio in most IDPs and chondritic micrometeorites is compatible with that of carbonaceous chondrites (Matrajt et al. 2003) . However, some sub-micrometer-sized units in IDPs present some N concentrations of 10-30 wt. per cent, which could indicate higher values of the N/C atomic ratio (Aleon et al. 2003; Floss et al. 2006) . Generally, these hotspots are extremely 15 N-rich. However, Floss et al. (2010) report a large range of the N/C atomic ratios (0.03-0.5) for these 15 N-rich regions in one particular IDP of presumed cometary origin. These 15 N hotspots present in IDPs have been studied with a spatial resolution of ∼1.5 μm (Aleon et al. 2003) and of ∼100 nm (Floss et al. 2006) . The XANES and nano-SIMS analyses performed on the Stardust samples have a spatial resolutions of 25 and 100 nm, respectively (De Gregorio et al. 2011) , thus the N/C atomic ratio >0.1 found in the Stardust samples can tentatively be attributed to such specific hotspots. However, one has to keep in mind that the spatial resolution of COSIMA is about 35 × 50 μm 2 , which makes the instrument not able to distinguish individual sub-micrometer units, such as the ones present in IDPs. The absence of an N/C atomic ratio >0.1 in the COSIMA measurements could be due to the spatial resolution of this instrument, which does not allow the detection of hotspots with sizes of the order of 1 μm. Thus, the measurements for the 67P particles have to be considered as bulk values. The range of N/C values measured in the 67P particles is compatible with the bulk values found in the IOMs samples extracted from carbonaceous chondrites as well as in bulk IDPs and micrometeorites (Matrajt et al. 2003; Alexander et al. 2007) . Notable exceptions are the large bulk values (up to 0.20) of the N/C atomic ratio found in some UCAMMs, which are potentially of cometary origin (Duprat et al. 2010; Dartois et al. 2013 ). Nevertheless, it seems that N-poor and N-rich organic material can co-exist within this type of particles (Yabuta et al. 2012; Engrand et al. 2016; Charon et al. 2017) . The N-rich organic material could have been formed by galactic cosmic ray irradiation of N 2 -and CH 4 -rich ices. Such a process could have occurred at the surface of a Kuiper belt or Oort cloud object beyond the nitrogen snow line (Dartois et al. 2013; Augé et al. 2016) . As the large bulk N/C atomic ratio of the UCAMMs has not been found in the 67P particles, this process seems to be excluded for the synthesis of the organic matter found in 67P particles. Bardyn et al. (2017) reported the average elemental abundances of C, O, Na, Mg, Al, Si, K, Ca, Cr, Mn and Fe in the cometary particles collected by the COSIMA instrument. Supposing that the H/C ratio is equal to 1 (Fray et al. 2016) and that S/Fe is chondritic, i.e. equal to 0.5 (see Lodders 2010), we can estimate that the carbon and nitrogen weights in 67P particles are about 31 ± 7 and 1.2 ± 0.6 wt. per cent, respectively. In carbonaceous chondrites, the highest carbon and nitrogen abundances are found in CI chondrites with values of about 3.5 and 0.2 wt. per cent (Kerridge 1985; Alexander et al. 2012) . In some IDPs, the carbon abundance can be higher than in the most C-rich chondrites with values of about 12.5 wt. per cent (Thomas et al. 1993 ). The only extraterrestrial samples richer in carbon and in nitrogen than the 1P/Halley and 67P cometary particles are the UCAMMs, which present an exceptionally high carbon content (Duprat et al. 2010; Dartois et al. 2013) . Therefore, with the exception of UCAMMs, the cometary particles analysed in the environment of comet 1P/Halley and comet 67P are the most C-and N-rich astronomical objects found so far. This indicates that cometary particles might have better preserved their original organic content and are much less altered than the objects with lower C and N abundances such as the carbonaceous chondrites. Furthermore, it indicates that comets have been aggregated in an organic-rich region of the protoplanetary disc. Nevertheless, the similar N/C atomic values of 1P/Halley, 67P and CM, CI and CR chondrites point towards a similar refractory organic matter in all these objects.
The analysis performed in the environment of comet 1P/Halley in 1986 showed that the C/Si atomic ratio of the particles and of the nucleus of 1P/Halley is close to the Solar value (Jessberger et al. 1988; Geiss 1987) . However, the N/C and N/Si atomic ratios are about six times lower in 1P/Halley than in the Sun, showing that nitrogen is depleted in 1P/Halley compared to the Sun (Geiss 1987; Wyckoff et al. 1991) . As for 1P/Halley, the carbon abundance in the 67P particles is close to the solar value (Bardyn et al. 2017) . Nevertheless, as the N/C atomic ratio of the solar photosphere is about 0.3 ± 0.1 (Lodders 2010) , it is clear that the particles collected in the environment of 67P, which have an averaged N/C atomic ratio of about 0.035, are depleted in nitrogen compared to the Sun. Thanks to the measurements performed by the ROSINA instrument aboard Rosetta at about 3.1 au from the Sun in 2014 October, we can estimate that the N/C atomic ratio of the gas phase is about 0.007 and 0.025 in the winter and summer hemispheres, respectively (Le Roy et al. 2015a ). The subsequent detection of molecular nitrogen at an extremely low abundance does not significantly change the N/C ratio of the gas phase (Rubin et al. 2015) . Moreover, an N/C atomic ratio lower than 0.25 seems to be typical for all the comets observed at infrared wavelengths (Dello Russo et al. 2016) . Thus, the gas phase cannot account for the nitrogen depletion of the refractory organic matter present in the 67P particles. In conclusion, like 1P/Halley, the nucleus of 67P seems to be strongly depleted in nitrogen compared to the Sun.
C O N C L U S I O N S
The COSIMA mass spectrometer has performed in situ analyses of dust particles collected in the near environment of comet 67P. The measurement of the CN − /C 2 − ion ratios enables the evaluation of the N/C atomic ratio in 27 individual dust particles. This atomic ratio ranges from 0.018 to 0.06 depending on the considered particle with an averaged value of 0.035 ± 0.011. The variations of the N/C ratio are not related to the morphology, collection date or residence time before analysis of the particles. The average values found in the 67P particles are consistent with most of the values found in the IOMs extracted from CM, CR and CI carbonaceous chondrites, and also with bulk IDPs and with the average values found in the dust of comet 1P/Halley (Jessberger et al. 1988; Matrajt et al. 2003; Alexander et al. 2007) . As most of the carbon and nitrogen should reside in the refractory organic matter, the similarity of the N/C atomic ratio measured in cometary particles and in the most primitive carbonaceous chondrites strengthens the similitudes between the organic matters contained in these objects, even if the H/C atomic ratio could be slightly higher in the cometary organic matter (Fray et al. 2016) . Based on these observations, a similar chemical origin of the cometary and meteoritic organic matter has to be considered as a viable hypothesis. Nevertheless, some hotspots found in IDPs as well as in some small organic units of the Stardust grains present an N/C atomic ratios higher than 0.1 (Aleon et al. 2003; De Gregorio et al. 2011) . Such high values have also been found in bulk UCAMMs (Dartois et al. 2013 ), but not in the 67P particles. Although this could be due to the low spatial resolution of the COSIMA instrument, the absence of values higher than 0.1 for the N/C atomic ratio in the 67P particles could also point towards a different origin of the N-rich organic material in UCAMMs and the refractory organic material in the 67P particles. The N-rich carbonaceous matter of the UCAMMs could be formed in a N 2 -rich environment by irradiation processes (Dartois et al. 2013; Augé et al. 2016 ), but as the icy fraction of 67P is depleted in N 2 (Rubin et al. 2015) , the 67P nucleus should not be a suitable environment to form organic matter with an N/C atomic ratio higher than 0.1.
Taking into account the elemental abundances measured by Bardyn et al. (2017) in the particles of 67P, and making an educated guesses for the H and S elemental abundances, we can estimate that the carbon and nitrogen weights of cometary particles are about 31 ± 7 wt. per cent and 1.2 ± 0.6 wt. per cent, respectively. Even if the N/C atomic ratio found in the 67P particles is similar to the one measured in bulk carbonaceous chondrites and IDPs, the global abundance of carbon (31 ± 7 wt. per cent) and nitrogen (1.2 wt. per cent) is quite high compared with the values found in carbonaceous chondrites and IDPs. Thus, the 67P particles and the nucleus are rich in organic matter, as already suggested from indirect observations (Fulle et al. 2016; Herique et al. 2016) , and this indicates that comets have been aggregated in an organic-rich region of the protoplanetary disc.
Nevertheless, the cometary particles as well as the whole nucleus of comet 67P is strongly depleted in nitrogen compared to the Sun. A similar result has already been found for 1P/Halley (Geiss 1987; Wyckoff et al. 1991) . Therefore, this nitrogen depletion could constrain the formation scenarios of cometary nuclei.
It has already been shown that the H/C and N/C atomic ratios are fairly well correlated in the IOMs of carbonaceous chondrites (Alexander et al. 2007) . Although the measurements of the H abundance will be extremely challenging, future works with the COSIMA data will attempt to find any such correlation as well as an estimate of the 15 N/ 14 N isotopic ratio to state more precisely the possible formation place of the cometary refractory organic matter.
AC K N OW L E D G E M E N T S
